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An investigation of the multi-hundred MeV electron beam yield (charge) form helium, nitrogen, neon and argon gas jet plasmas 
in a laser-plasma wakefield acceleration experiment was carried out. The charge measurement has been made via imaging the 
electron beam intensity profile on a fluorescent screen into a 14-bit charge coupled device (CCD) which was cross-calibrated 
with nondestructive electronics-based method. Within given laser and plasma parameters, we found that laser-driven low Z- gas 
jet targets generate high-quality and well-collimated electron beams with reasonable yields at the level of 10-100 pC. On the 
other hand, filamentary electron beams which were observed from high-Z gas jets at higher densities reached much higher yield. 
Evidences for cluster formation were clearly observed in high-Z gases, especially in the argon gas jet target where we received 
the highest yield of ~ 3 nC. 2014 Optical Society of America 
OCIS codes: (020.2649) Strong field laser physics; (350.4990) Particles; (350.5400) Plasmas. 
 
 
1. INTRODUCTION  
Laser-plasma wakefield acceleration (LWFA) was proposed in 1979 1 and had a rapid and remarkable progress over the 
past decade, growing along with the advances in the technology of table-top ultra-short high power laser systems2. The 
concept of the LWFA can be described as follows: a tightly focused ultra-short terawatt laser pulse propagating through an 
under-dense plasma excites a large-amplitude (~100 GV/m) electrostatic relativistic plasma wave (with a phase velocity ~ 
c), thanks to the strong ponderomotive force of the laser pulse. This plasma wave which oscillates at the plasma frequency 
p can accelerate electrons to relativistic energies within very short distances. Thus, the LWFA scheme has, in principle, 
the potential to be the basis for a new particle accelerator technology for producing ever compact and affordable electron 
accelerators. High quality electron beam acceleration by the LWFA mechanism depends on the laser-plasma parameters 
such as laser intensity, focal spot size, plasma density, interaction length and laser pulse duration. Generation of 
quasimonoenergetic electron beams with energies of the order of 100 MeV to GeV from laser-driven gas jets and discharged 
capillary was demonstrated3-14. In addition, applications to X-ray and gamma ray generation were proposed from the 
achieved LWFA electron beams15-20. From the applications point of view, higher electron beam charge is very important, so 
one has to find ways to enhance the electron beam charge from LWFA. It is also important to measure the charge by a 
reliable diagnostic technique. Many electron beam charge diagnostics are commonly used 3-4, 21-23, some of them were 
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compared or cross calibrated with others24-25. Calibrated integrating current transformer (ICT) is widely used due to its 
simple set up and reliability and low cost18, 26-28. 
In this paper, we present experimental results focused on the electron beam charge/yield measurement from a LWFA 
employing various gas jets individually aiming simply at finding the effect of gas type on the beam charge. In the 
experiment we used a TW laser interacting with 4 mm-long supersonic jet of helium, nitrogen, neon, and argon gas jets 
individually. The generated electron beam charge was measured using electronics based on an integrating current 
transformer (ICT). The electron beam spatial profile was simultaneously recorded on a DRZ fluorescent screen which was 
imaged into a 14-bit CCD camera. The recorded images were processed using a MATLAB code and the ICT was cross-
calibrated with the DRZ-CCD system. The experimental setup is described in Sec. II. and the image processing method is 
explained in Sec. III. Results and discussions are presented in Sec. IV and a conclusion is given in Sec. V. 
 
2. EXPERIMENTAL SETUP 
Our LWFA experiment was carried out at the newly-established Key Laboratory for Laser Plasmas (LLP) at 
Shanghai Jiao Tong University (SJTU), Shanghai, in China. We have a tabletop 200 TW, 10Hz, Ti: Sapphire 30 fs laser 
facility; however we haven’t used the full power of the laser system in the present study. The experimental setup is shown 
in Fig. 1. Linearly polarized 800 nm laser pulses with energies of 0.5‒1.5 J (~17‒50 TW) were used. The 10.5 cm diameter 
laser beam was focused using 2 m focal length off-axis parabolic (OAP) mirror (TYDEX Research and Industrial Optics). 
The full-width at half maximum (FWHM) of the focused laser spot size was measured to be 33 μm, so the 1/e2 intensity 
radius of the focal spot was 28 μm giving a Rayleigh length Zr of 3 mm. The Strehl ratio of the focal spot was 0.4‒0.5. The 
peak focused laser intensity and the corresponding normalized vector potential, a0, were approximately 1.4‒4.2×1018 W.cm-
2 and 0.8‒1.4, respectively. A 4-mm-long supersonic nozzle gas-jet target having a Mach number of 5 (Smart shot LX-03R, 
Smart Shell Co., Ltd.)29-32 was used. The stagnation pressure of the gas jet was varied from 2‒25 atm. At such gas pressure 
range and at the above-mentioned laser intensities, the plasma density (ne) was estimated to be 3.35×1018‒4.0×1019 cm-3 
depending on gas type. Ionization of helium, nitrogen, neon and argon atom into He2+ , N5+, Ne6+ and Ar8+ based on 
ionization experiments33  and the barrier-suppression model34  are obtainable, respectively. To measure the accelerated 
electron beam charge, an integrating current transformer (ICT 0550-070, 20:1, Bergoz) was used. An aluminum foil with a 
thickness of 12.5 μm was placed between the gas jet and the ICT to stop laser beam after interaction. To trigger and 
synchronize the ICT with the laser pulse, a delay/pulse generator (DG535 Stanford Research System) and a photodiode 
were used. An oscilloscope (DSO-X-3024A Agilent Technologies) was used to monitor the ICT output signal. We used a 
DRZ fluorescent screen (DRZ-PLUS, Mitsubishi Chem. Corp.) and a 14-bit CCD camera (PCO Pixelfly qe usb) coupled with 
an objective lens for imaging the spatial profile of the accelerated electron beams. The energy spectra of the accelerated 
electron beams were measured by a single shot electron spectrograph composed of C-shaped dipole magnet. The magnet is 
composed of two rectangle permanent magnets of 6 (length) × 4 (width) cm2 with 1 cm pole gap, to deflect the electron 
beam on the DRZ screen placed 17.3 cm away from the magnet end, the effective magnetic field strength was ~  Beff = 0.9 
T. The field between the pole pieces has been measured and fed into a Matlab code which calculates the relativistic 
electron beam trajectory given the measured 2D field map. The electron beam pointing angle at the magnet entrance plane 
has been stabilized 35‒38, and fed into the code thus the energy spectrum has been measured properly. For monitoring the 
laser-plasma interaction volume, we imaged the 2ω nonlinear Thomson scattered laser light into a 14-bit CCD camera.  
3. ICT-DRZ CROSS-CALIBRATION  
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3.1. Charge measurement by the ICT 
Charge measurement using the ICT is a popular method which is being used by many experimentalists as a 
nondestructive, low cost and fast charge measurement device. We used an ICT to measure the accelerated electron beam 
charge as our reference charge measurement instrument. The ICT was installed in vacuum at the distance of 80 cm from 
the gas jet. As long as the electron beam passes through the ICT, it generates an electric signal which will be sent to a 
beam charge monitoring unit (BCM) for processing. The electric signal generated by the ICT due to the passage of the 
electron beam should fall within either one of two integration windows of the BCM unit; the integration window (W1) of 
the timing view signal is shown in Fig. 2(d). The BCM unit needs to be triggered with delay from laser-plasma interaction 
time then it integrates the ICT signal and the final output will be generated as shown in Fig. 2(a). The voltage difference 
∆V=5.95 mV in Fig. 2(a) corresponds to a beam charge of 59.16 pC, given the BCM unit gain of 6 dB. To guarantee the 
right adjustment for the BCM trigger time, we used a fast photodiode to monitor the arrival of the laser pulse to the 
interaction region Fig 2. (b). We measured electron beam charge for 124 laser shots. In these measurements, the four gas 
jets of helium, nitrogen, neon, and argon were used as acceleration media, independently.   
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic diagram of the laser wakefield acceleration experiment at LLP. 
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Fig. 2. Wave forms of the beam charge monitoring unit (BCM). (a) Output view of BCM unit, 
the voltage offset corresponds to the electron beam charge for a given device gain. (b) 
Directly comes from the fast photodiode showing exact laser-plasma interaction time. (c) 
Signal view of BCM unit. (d) Timing View of BCM unit, see text for detailed description.  
3.2. Processing method 
Along with measuring the electron beam charge using the ICT, we recorded the beam spatial profile on a DRZ screen using 
14 bit CCD camera. Figure 3 shows the electron beam profiles generated from aforementioned gas jets upon interaction 
with the above-mentioned laser pulses. Each beam image was converted into an ASCII format using PCO CamWare 
software. If we consider an image as a 2D matrix, each cell may have possible value of 0 to 214. This value is practically the 
intensity of each pixel of the recorded image. A computer code was written to image-process each electron beam profile. 
This code first finds the exact place of the beam point in the image then makes crop for a certain area of the image 
including the electron beam point. For those electron beam profiles which contained more than one electron bunch (point) 
or let say filamentary electron beam (Fig. 8. shows such kind of beams), the code will consider a larger crop area to cover 
all the recorded electron beam bunches in the same laser shot. To have more accurate image processing, we removed the 
background noises due to gamma and hard X-rays. Finally, the code calculates the total intensity of the cropped area. 
From the ICT charge measurement we had electron beam charge for each shot and from our image processing method we 
found the corresponding total beam intensity. To do the ICT-DRZ cross-calibration we have fitted a linear curve which is 
shown in Fig. 4.  In our experiment and using this curve we were able to find the corresponding electron beam charge for 
any recorded electron beam profile.  
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Fig. 3. Electron beam spatial profile from laser-driven plasma of (a) Helium, (b) Nitrogen, (c) 
Neon, and (d) Argon gas jets. 
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Fig. 4. ICT-DRZ cross-calibration curve for the measurement of the electron beam charge for 
different gases. 
 
4. RESULTS AND DISCUSSION 
We obtained the electron beam charge for all the recorded shots on the CCD. We should mention that the laser energy 
varied (or fluctuated) shot-to-shot, and each of the used gas jets had an optimum pressure range for generating its electron 
beam. As expected, it is found that the electron beam charge depends on the laser energy and plasma density (or the gas 
pressure). In the following we will discuss the experimental results for each gas jet individually. 
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4.1. Helium gas jet 
Helium is widely used in LWFA experiments as a gas target. In the present experiment we used He gas jet at different 
stagnation pressures starting from 2 to 25 bars , (corresponds to ne =3.35×1018 cm-3 to 4.187×1019 cm-3 plasma densities 
where fully ionized helium is guaranteed.34) For each pressure step several laser shots were done. He electron beam charge 
dependence on the laser energy in the range 550 mJ to 1.15 J is shown in Fig. 5. Electron beams were mostly observed at 
the pressure range 3 to 12 bars (5.02×1018 cm-3  2.01×1019 cm-3 plasma densities). The highest quality beams (well-
collimated of 3.41 mrad) were observed only in pressure of 4.6 to 5.5 bars (Fig. 3a.). In this case, the measured beam 
charge was ~150 pC or lower. However, a higher electron beam yield (200 pC  700 pC) was measured at higher laser 
energy in the range of 900 mJ 1.1 J. We measured the electron beam energy spectrum using the dipole magnet; at the 
plasma density of 5×1018 cm-3, the measured energy spectrum is shown in Fig. 6a; up to 300 MeV quasimonoenergtic 
electron beams are observed from the He gas jet. It was often observed that at a higher gas pressure (6.1 bars 
corresponding to 10.21×1018 cm-3 plasma density), a filamentary or spatially-broken (low-quality) electron beams were 
generated (Fig. 8a.). It was observed, given the relatively-large laser spot size in our experiment, that there is a trend for a 
high-quality (low-quality) and stable (unstable) electron beam generation at low (higher) plasma density. In addition, the 
electron self-injection mechanism due to the laser self-focusing is expected to be the main mechanism in this case, as 
confirmed by our 2D-PIC simulations36, 37. Fig.7a. shows the electron beam charge dependence on the plasma density for 
the He gas jet case. The electron beam charge increases with the density in the range of 5×1018 cm-3 1.2×1019 cm-3, 
however we have not observed electron beams on the DRZ or ICT at much higher plasma densities. There might be some 
reasons for this: The first expectation is a very-large electron beam pointing angle (~ 50 mrad at ne = 2×1019 cm-3) at high 
plasma densities36. Such a huge pointing angle is almost equal to the solid angle subtended by the DRZ, so at higher 
densities where the pointing angle is expected to be larger the electron beam might pointed outside the DRZ and thus 
undetectable. The second expectation might be the short pump-depletion length at very high plasma densities. For 
instance, the calculated pump depletion length Ldp using equation (1)39 at the plasma density of 1.2×1019 cm-3 was 0.64 mm 
and 0.3mm for 2.0×1019 cm-3. Therefore, we predict that the trapping and acceleration processes were not properly 
established at those densities and higher. In Eq. (1), p is plasma wavelength, L is laser wavelength and 0a is 
normalized laser vector potential.  
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Fig. 5. Electron beam charge dependence on laser energy for He, N, Ne and Ar gases. 
4.2. Nitrogen gas jet 
Nitrogen was used in a few LWFA experiments in the past; the most recent ones were reported in Ref. 37 and Ref. 40. We 
used N gas jet at the stagnation pressure range 0.5  6 bars and the laser energy varied from 600 mJ to 1.6 J. Typical 
nitrogen’s electron beam spatial profile had a divergence of 2.53 mrad which was the smallest in this experiment, as is 
shown in Fig. 3b. The measured electron beam energy spectrum in this case is shown in Fig. 6b; where a strong 
monoenergtic peak at 130 MeV is clearly detected. The nitrogen’s electron beam charge dependence on the laser energy is 
shown in Fig. 5, where the charge increases with the laser energy then drops again at high laser energies. The electron 
beam was mostly observed at pressures between 0.5 to 4 bars (ne = 0.67×1018 cm-3 5.42×1018 cm-3; assuming the ionization 
of 5 electrons from each nitrogen atom.34) Generally, the measured electron beam charge from nitrogen was high compared 
with other gases, except for a few laser shots. Electron beam yields as high as 1 nC ~ 2.3nC were measured at the plasma 
density range of 1.08×1018 cm-3 1.49×1018 cm-3 at a laser energy of ~ 800 mJ. It is rather surprising to observe that at 
higher laser energy of more than 1 J, the electron beam charge was only ~50 pC or less, yet we have no explanation of this 
phenomenon. In some shots a high-charge electron beam (2.3 nC) of a large divergence (16 mrad) was observed (Fig. 8b.). 
We believe that such high beam charge and large divergence angle were due to the formation of nitrogen clusters in the 
gas jet. To confirm this, we recall the condition of cluster formation in supersonic nozzles: it can be described by an 
empirical scaling parameter 
* which is related to what is called “Hagena parameter, k” .41,42 
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*
02.29
0
( / tan )d
k P
T

   (2) 
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Where d is the nozzle diameter (at throat) in µm (d = 120 µm in our nozzle), α is the expansion half angle (for our 
supersonic gas jet α = 4˚), 0P  is backing plenum pressure, and 0T is pre-expansion temperature in Kelvin ( 0T =293 K). The 
Hagena parameter for nitrogen in our case, k = 528.42 Clustering generally begins for 
* >1000.41,42 In the present 
experiment for the nitrogen case at 0P >1.23 bar (ne = 1.67×1018 cm-3) we found 
*  1005 which means that there is a 
high chance to form nitrogen clusters in our gas jet.  
Figure 7b shows the charge dependence on the plasma density for the nitrogen gas jet. The beam charge has increased 
with the plasma density in range of 6.7×1017 cm-3 to 1.49×1018 cm-3 then it dropped at higher plasma densities. We used the 
relation (1) to calculate the laser pump depletion length in this case. For the plasma density of 2×1018 cm-3 (corresponding 
to gas pressure 1.5 bars) the Ldp was 9.4 mm which is much longer than our gas jet length. It means that for the nitrogen 
case for up to the plasma density of 3.5×10
18 cm-3 at which the pump depletion was 4mm, the electron beam charge should 
increase with the plasma density. However, as shown in Fig.7b, the electron beam charge drops at plasma density higher 
than 1.5×10
18 cm-3, at which it is highly likely that nitrogen clusters were formed. It seems that the relation (1) for pump 
depletion is not valid in case of clustered gas jet. The pump depletion length seemed to be extremely short in the clustered 
gas case; therefore the trapping and acceleration processes could not be established for a long distance. 
 
 
Fig. 6. Electron beams energy from (a) Helium gas, plasma density 5.02×1018 cm-3, (b) 
Nitrogen gas, plasma density 0.27×1018 cm-3 (c) Neon gas, plasma density 1.34×1018 cm-3 (d) 
and Argon gas, plasma density 1.76×1018 cm-3. 
 
4.3. Neon gas jet 
Neon gas jet was the third target used in our experiment; in this case the working gas pressure range was 0.3 13 bars. It’s 
the first experience with LWFA in neon; therefore it is rather interesting to find out what electron beams could be 
generated in this case. Ne electron beam charge dependence on the laser energy is shown in Fig. 5, the electron beam 
charge reached ~ 300 pC in this case. In this experiment, we found that the generation of electron beams from the Ne gas 
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difficult and sensitive to the laser energy if compared with other gas targets. At laser energies below 700 mJ, no electrons 
were observed. In most laser shots where high-quality collimated neon electron beams were observed (Fig. 3c.), the laser 
energy was in the range of 800 mJ 1.1 J and the gas pressure range was 1 4 bars, (corresponding to ne = 6.7×1018 cm-3
 
to 
2.68×1019 cm-3; assuming 6 electrons were released from each Ne atom upon interaction with the above-mentioned laser 
pulses. 34, 43) The maximum electron beam energy measured in this case was about 200 MeV with quasimonoenergtic 
structures around 170 MeV, as shown in Fig. (6c.). In few shots with lower laser energy (<800 mJ) and at the gas pressure 
10 to 12 bars unstable and filamentary electron beams were observed (Fig. 8c). The electron yield dependence on the 
plasma density for the neon gas jet is shown in Fig.7c. The beam charge increases with the plasma density then decreases 
at higher densities (5×1019 cm-3). Using the dephasing equation (1) for the neon gas jet at a plasma density more than 
5×1019 cm-3 shows the pump depletion length was shorter than 75.7 µm. This means the depletion length will be too short 
at those high plasma densities to sufficiently trap and accelerate the electrons in this case.  
 
4.4. Argon gas 
In some previous LWFA experiments, argon mixed with other gas were used to realize the ionization injection44, it was 
also used alone as a target.45,46 In the present experiment the argon gas jet stagnation pressure was in range 0.5 to 10 bars. 
Collimated electron beams (Fig. 3d.) were observed at the laser energy of 700 mJ to 1 J at the pressure range of 0.8 1.2 
bars (corresponding to ne = 4.64×1018 cm-3 7.03×1018 cm-3, assuming 8 electrons were released from each Ar atom.34,43) The 
electron beam energy from the Ar gas jet was the lowest among all, however it shows quasimonoenergtic structures around 
75 MeV and the maximum energy reached 150 MeV, as shown in Fig. 6d. The argon electron beam charge versus the laser 
energy is shown in Fig. 5. For most laser shots the electron beam charge was <500 pC. Higher beam charge up to 2.7 nC 
was measured in some shots when the filamentary of electrons beam were observed (Fig. 8d.). Using relation (2) it is found 
that G*>1275 for the Ar gas jet given k = 1650,42 0T = 293K and 0P > 0.5 bar which satisfies the condition of cluster 
formation. A supporting evidence for the cluster formation in this case was the observed conical laser-plasma channels (Fig. 
9a). The channel started narrow at the edge of the nozzle, then gradually became wider and wider. Compared with a usual 
laser-plasma channel (for example in the helium case (Fig. 9b)), the laser-plasma channel in the Ar case have shown a very 
different shape which might be a characteristic of cluster formation or some kind of Ar gas-cluster mixture. In this case, 
typically the beam charge is expected to be very high (Fig. 4, for the Ar and N) as observed in our previous work.47 The 
high-charge generated in this case was attributed to a combined LWFA and direct laser acceleration (DLA) mechanisms.47 
Furthermore, the conical shape of the argon laser-plasma channel qualitatively resembles a splash-like channel observed 
experimentally,46 in laser-argon interaction (at nonrelativistic laser intensities) in an identical gas jet. The utilization of 
this kind of laser-plasma channel in the argon for laser wakefield acceleration has been studied by 2D PIC-simulations in 
the same paper,46 it was found that such kind of channels are potential candidates for well-collimated, high-charge, and 
small energy-spread electron beams, all those features are observed in our experiment employing argon gas jet, as we 
discussed earlier in details. 
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Fig. 7. Achieved electron beam charge and its dependence on the plasma density for (a) He, (b) N, (c) Ne and (d) Ar gas jets 
 
 
Fig. 8. 3D image of electron beam profile. Z-axis shows beam intensity. (a) filamentary He electron beam in 10.21×1018 
cm-3 plasma density at laser energy 906.9 mJ, (b) Nitrogen gas with electron beam charge of 2.28 nC at 1.49×1018 cm-3 
plasma density, (c) Neon gas with 6.76×1018 cm-3 plasma density and laser energy of 766 mJ (d) Argon gas, electron 
beam charge of 2.7 nC at laser energy 1.04 J and 9.37×1018 cm-3 plasma density. 
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Fig. 9. Plasma channel (a) Well-collimated narrow laser-plasma channel in the case of He gas jet. (b) 
A conic shaped laser-plasma channel in the case of Ar gas jet. 
 
5. CONCLUSIONS 
By investigating electron beams from laser driven He, N, Ne and Ar gas jets individually we could achieve collimated 
beams with multi-hundred MeV energies and high yields. As shown in Fig. (5), and within the available laser beam energy 
range of 0.51.5 J, the highest beam charge of~ 3nC was achieved from the Ar gas jet. Nitrogen gas jet produced as high as 
1.7 nC electron beams. Helium and neon gas jets produced as high as ~ 500 pC electron beams. However, the beams with 
the highest charge were mostly filamentary with large divergence angles. The charge of the well-collimated electron beams 
were modest 10-100 pC for all the used gases. The working plasma density range for the four gases were different; for He 
and Ne gases at high densities the beam charge dropped potentially due to the very strong pump depletion. As for the Ar 
and N gases, cluster formation was likely occurred, especially in the Ar gas case where we observed a very different shape 
(conic or splash-like) of the plasma channel. In that case (Ar and N clusters) the laser acceleration could generate electron 
beams with a very high charge due to a combination of LWFA and DLA (direct laser acceleration) mechanisms.47 
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